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Traditionally, the dependence of enzyme activity on temperature
has been described by a model consisting of two processes: the
catalytic reaction defined by �G‡

cat, and irreversible inactivation
defined by �G‡

inact. However, such a model does not account
for the observed temperature-dependent behaviour of enzymes,
and a new model has been developed and validated. This model
(the Equilibrium Model) describes a new mechanism by which
enzymes lose activity at high temperatures, by including an
inactive form of the enzyme (Einact) that is in reversible equilibrium
with the active form (Eact); it is the inactive form that undergoes
irreversible thermal inactivation to the thermally denatured state.
This equilibrium is described by an equilibrium constant whose
temperature-dependence is characterized in terms of the enthalpy
of the equilibrium, �Heq, and a new thermal parameter, Teq, which
is the temperature at which the concentrations of Eact and Einact are
equal; T eq may therefore be regarded as the thermal equivalent of

Km. Characterization of an enzyme with respect to its temperature-
dependent behaviour must therefore include a determination of
these intrinsic properties. The Equilibrium Model has major
implications for enzymology, biotechnology and understanding
the evolution of enzymes. The present study presents a new direct
data-fitting method based on fitting progress curves directly to the
Equilibrium Model, and assesses the robustness of this procedure
and the effect of assay data on the accurate determination of
T eq and its associated parameters. It also describes simpler experi-
mental methods for their determination than have been previously
available, including those required for the application of the
Equilibrium Model to non-ideal enzyme reactions.
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INTRODUCTION

The effect of temperature on enzyme activity has been described
by two well-established thermal parameters: the Arrhenius activ-
ation energy, which describes the effect of temperature on the
catalytic rate constant, kcat, and thermal stability, which describes
the effect of temperature on the thermal inactivation rate constant,
kinact. Anomalies arising from this description have been resolved
by the development [1] and validation [2] of a new model (the
Equilibrium Model) that more completely describes the effect
of temperature on enzyme activity by including an additional
mechanism by which enzyme activity decreases as the temper-
ature is raised. In this model, the active form of the enzyme (Eact)
is in reversible equilibrium with an inactive (but not denatured)
form (Einact), and it is the inactive form that undergoes irreversible
thermal inactivation to the thermally denatured state (X):

Eact
←→ Einact → X

Figure 1 shows the most obvious graphical effect of the Model,
which is a temperature optimum (Topt) at zero time (Figures 1A
and 1B), matching experimental observations [2]. In contrast, the
‘Classical Model’, which assumes a simple two-state equilibrium
between an active and a thermally-denatured state (Eact → X), and
can be described in terms of only two parameters (the Arrhenius
activation energy and the thermal stability), shows that when the
data are plotted in three dimensions there is no Topt at zero time
(Figure 1C).

In addition to the obvious differences in the graphs representing
the two models, it has been observed experimentally that at any
temperature above the maximum enzyme activity, the loss of

activity attributable to the shift in the Eact/Einact equilibrium is very
fast (<1 s) relative to the loss of activity due to thermal denatur-
ation (shown in Figure 1 by the lines of rate against time) [2].
This and other evidence to date [2] suggest that the phenomenon
described by the model (i.e. the Eact/Einact equilibrium) arises from
localized conformational changes rather than global changes in
structure. However, the extent of the conformational change, and
the extent to which it could be described as a partial unfolding, is
not yet established.

The equilibrium between the active and inactive forms of the
enzyme can be characterized in terms of the enthalpy of the equil-
ibrium, �Heq, and a new thermal parameter, Teq, which is the tem-
perature at which the concentrations of Eact and Einact are equal; T eq

can therefore be regarded as the thermal equivalent of Km. T eq has
both fundamental and technological significance. It has important
implications for our understanding of the effect of temperature
on enzyme reactions within the cell and of enzyme evolution in
response to temperature, and will possibly be a better expression
of the effect of environmental temperature on the evolution of
the enzyme than thermal stability. Teq thus provides an important
new parameter for matching an enzyme’s properties to its cellular
and environmental function. Teq must also be considered in
engineering enzymes for biotechnological applications at high
temperatures [3]. Enzyme engineering is frequently directed
at stabilizing enzymes against denaturation; however, raising
thermal stability may not enhance high temperature activity if
T eq remains unchanged.

The detection of the reversible enzyme inactivation, which
forms the basis of the Equilibrium Model, requires careful acquis-
ition and processing of assay data due to the number of conflicting

Abbreviations used: Eact, active enzyme; Einact, inactive enzyme; pNAA, p-nitroacetanilide; pNPP, p-nitrophenylphosphate; Teq, temperature at which
the concentrations of Eact and Einact are equal; Topt, temperature optimum.
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Figure 1 The temperature-dependence of enzyme activity

(A) Experimental data for alkaline phosphatase. The enzyme was assayed as described by Peterson et al. [2], and the data were smoothed as described here in the Experimental section; the data are
plotted as rate (µM · s−1) against temperature (K) against time during assay (s). (B) The result of fitting the experimental data for alkaline phosphatase to the Equilibrium Model. Parameter values
derived from this fitting are: �G ‡

cat , 57 kJ · mol−1; �G ‡
inact , 97 kJ · mol−1; �Heq, 86 kJ · mol−1; T eq, 333 K [2]. (C) The result of running a simulation of the Classical Model using the values of

�G ‡
cat and �G ‡

inact derived from the fitting described above. The experimental data itself cannot be fitted to the Classical Model.

influences that arise when increasing the temperature of an
enzyme assay. Determination of Teq to date has used continuous
assays, because this method produces progress curves directly and
obviates the need to perform separate activity and stability experi-
ments, and has utilized enzymes whose reactions are essentially
irreversible (far from reaction equilibrium), do not show any
substrate or product inhibition and remain saturated with substrate
throughout the assay. However, there are a large number of
enzymes that do not fit these criteria, narrowing the potential
utility of determining T eq. The present paper describes methods for
the reliable determination of Teq under ideal or non-ideal enzyme
reaction conditions, using either continuous or discontinuous as-
says, and outlines the assay data required for accurate determin-
ation of T eq and the thermodynamic constants (�G‡

cat, �G‡
inact and

�Heq) associated with the model [2]; it also introduces a method
of fitting progress curves directly to the Equilibrium Model and
determines the robustness of the data-fitting procedures. The
results show directly how the Equilibrium Model parameters are
affected by the data.

The methods described in the present paper allow the deter-
mination of the new parameters �Heq and T eq, required for any
description of the way in which temperature affects enzyme
activity. In addition, they facilitate the straightforward and simul-
taneous determination of �G‡

cat and �G‡
inact under relatively

physiological conditions. They therefore have the potential to be
of considerable value in the pure and applied study of enzymes.

EXPERIMENTAL

Materials

Aryl-acylamidase (aryl-acylamide amidohydrolyase; EC
3.5.1.13) from Pseudomonas fluorescens, β-lactamase (β-lactam-
hydrolase; EC 3.5.2.6) from Bacillus cereus and pNPP (p-nitro-
phenylphosphate) were purchased from Sigma–Aldrich. pNAA
(p-nitroacetanilide) was obtained from Merck, wheat germ
acid phosphatase [orthophosphoric-monoester phosphohydrolase
(acid optimum); EC 3.1.3.2] from Serva Electrophoresis and nitro-
cefin from Oxoid. All other chemicals used were of analytical
grade.

Instrumentation

All enzymic activities were measured using a ThermospectronicTM

Helios γ -spectrophotometer equipped with a Thermospectro-

nicTM single-cell Peltier-effect cuvette holder. This system was
networked to a computer installed with Vision32TM (version 1.25,
Unicam) software including the Vision Enhanced Rate program
capable of recording absorbance changes over time intervals down
to 0.125 s.

Temperature control

The temperature of each assay was recorded directly, using a
Cole-Parmer Digi-Sense® thermocouple thermometer accurate
to +− 0.1% of the reading and calibrated using a Cole–Parmer
NIST (National Institute of Standards and Technology)-traceable
high-resolution glass thermometer. The temperature probe was
placed inside the cuvette adjacent to the light path during temper-
ature equilibration before the initiation of the reaction and again
immediately after completion of each enzyme reaction. Measure-
ments of temperature were also taken at the top and bottom of the
cuvette to check for temperature gradients. Where the temperature
measured before and after the reaction differed by more than
0.1 ◦C, the reaction was repeated.

Assay conditions

Assays at high temperature (and over any wide temperature range)
can sometimes pose special problems and may need additional
care [4–6]. Quartz cuvettes were used in all experiments for
their relatively quick temperature equilibration and heat-retaining
capacity. Where required, a plastic cap was fitted to the cuvette to
prevent loss of solvent due to evaporation (at higher temperatures),
or a constant stream of a dry inert gas (e.g. nitrogen) was
blown across the cuvette to prevent condensation at temperatures
below ambient. Buffers were adjusted to the appropriate pH
value at the assay temperature, using a combination electrode
calibrated at this temperature. Where very low concentrations of
enzyme were used, salts or low concentrations of non-ionic deter-
gents were added to prevent loss of protein to the walls of the
cuvette.

Substrate concentrations were maintained at not less than
10 times the Km to ensure that the enzyme remained saturated
with substrate for the assay duration. Where these concentrations
could not be maintained (e.g. because of substrate solubility), tests
were conducted to confirm that there was no decrease in rate over
the assay period arising from substrate depletion. In addition, Km
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values over the full temperature range examined were determined.
Since Km values for enzymes tend to rise with temperature [7,8],
in some cases dramatically, this is particularly important. Any
decrease in rate at higher temperatures that is caused by an
increase in Km at higher temperatures is a potential source of
large errors.

Assay reactions were initiated by the rapid addition of a few
microlitres of chilled enzyme, so that the addition had no signi-
ficant effect on the temperature of the solution inside the
cuvette.

Enzyme assays

Aryl-acylamidase activity was measured by following the increase
in absorbance at 382 nm (ε382 = 18.4 mM−1 · cm−1) corresponding
to the release of p-nitroaniline from the pNAA substrate [9].
Reaction mixtures contained 0.1 M Tris/HCl, pH 8.6, 0.75 mM
pNAA and 0.003 units of enzyme. One unit is defined as the
amount of enzyme required to catalyse the hydrolysis of 1 µmol
of pNAA per min at 37 ◦C.

Acid phosphatase activity was measured discontinuously using
pNPP as substrate [10]. Reaction mixtures (1 ml) contained
0.1 M sodium acetate, pH 5.0, 10 mM pNPP and 8 µ-units of
enzyme. The assay was stopped using 0.5 ml of 1 M NaOH. The
amount of p-nitrophenol released was measured at 410 nm (ε410 =
18.4 mM−1 · cm−1). One unit is defined as the amount of enzyme
that hydrolyses 1 µmol of pNPP to p-nitrophenol per min
at 37 ◦C.

β-Lactamase activity was measured by following the increase
in absorbance at 485 nm (ε485 = 20.5 mM−1 · cm−1) associated
with the hydrolysis of the β-lactam ring of nitrocefin [11].
Reaction mixtures contained 0.05 M sodium phosphate, pH 7.0,
1 mM EDTA, 0.1 mM nitrocefin and 0.003 units of enzyme. One
unit is defined as the amount of enzyme that will hydrolyse
the β-lactam ring of 1 µmol of cephalosporin per min at
25 ◦C.

Protein determination

Protein concentrations claimed by the manufacturers (determined
by Biuret) were checked using the far-UV method of Scopes
[12].

Data capture and analysis

For each enzyme, reaction-progress curves at a variety of tem-
peratures were collected; the time interval was set so that an ab-
sorbance reading was collected every 1 s. Three progress curves
were collected at each temperature; where the slope for these
triplicates deviated by more than 10%, the reactions were
repeated.

When required, the initial (zero time) rate of reaction for each
assay triplicate was determined using the linear search function
in the Vision32TM rate program.

Although earlier determinations of �G‡
cat, �G‡

inact, �Heq and T eq

used initial parameter estimates derived from the calculation of
rates from progress curves (described in [2]), more recent analysis
of results indicates that the method described below is simpler and
equally accurate.

Using the values for �G‡
cat (80 kJ · mol−1), �G‡

inact (95 kJ ·
mol−1), �Heq (100 kJ · mol−1) and T eq (320 K) described in the
original paper [1] as initial parameter estimates (deemed to be
‘typical’ or ‘plausible’ values for each of the parameters) and the
concentration of protein in each assay (expressed in mol · l−1),

the experimental data were fitted to the Equilibrium Model
using MicroMath® Scientist® for Windows software (version
2.01, MicroMath Scientific Software).

The values for each parameter were first ‘improved’ by Simplex
searching [13,14]. The experimental data were then fitted to the
Equilibrium Model using the parameters derived from the Simplex
search, employing an iterative non-linear minimization of least
squares. This minimization utilizes Powell’s algorithm [15] to
find a local minimum, possibly a global minimum, of the sum of
squared deviations between the experimental data and the model
calculations.

In each case, the fitting routine was set to take minimum and
maximum iterative step-sizes of 1 × 10−12 and 1 respectively. The
sum of squares goal (the termination criterion for the fitting
routine) was set to 1 × 10−12.

The S.D. values in the Tables refer to the fit of the data to
the model. On the basis of the variation between the individual
triplicate rates from which the parameters are derived for all the
enzymes we have assayed so far, we find that the experimental
errors in the determination of �G‡

cat, �G‡
inact and T eq are less than

0.5%, and less than 6% in the determination of �Heq.
A stand-alone Matlab® [version 7.1.0.246 (R14) Service Pack

3; Mathworks] application, enabling the facile derivation of
the Equilibrium Model parameters from a Microsoft® Office
Excel file of experimental progress curves (product concentration
against time) can be obtained on CD from R.M.D. This application
is suitable for computers running Microsoft® Windows XP,
and is for non-commercial research purposes only.

RESULTS AND DISCUSSION

The Equilibrium Model has four data inputs: enzyme concen-
tration, temperature, concentration of product and time. From
the last two, an estimate of the rate of reaction (in M · s−1) can
be obtained. In describing the effect of temperature on catalytic
activity, the rate of the catalytic reaction is the measurement of
interest. The quantitative expression of the dependence of rate on
temperature, T , and time, t, is given by eqn (1):

Vmax = kBT e
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(1)

where kB is Boltzmann’s constant and h is Planck’s constant.
This is the expression that we have used in our proposal [1]
and validation [2] of the Equilibrium Model to date. Experimen-
tally, however, rates are rarely measured directly; rather, product
concentration is determined at increasing times, either by con-
tinuous or discontinuous assay, giving a series of progress curves.
The quantitative expression relating the product concentration,
time and temperature for the Equilibrium Model can be obtained
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by integrating eqn (1), giving eqn (2):

[P] = − e
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We find that data processed as enzyme rates using eqn (1), or
as product concentration changes using eqn (2), give essentially
the same results. However, since eqn (2) involves a more direct
measurement, the experimental protocol used in the present study
involves measuring progress curves of product concentration
against time at different temperatures and fitting these data to
eqn (2).

Robustness of the fitted constants

If the enzyme preparation used in the determination of Teq is not
pure, then overestimation of the enzyme concentration is likely.
Few methods of determining protein concentration give answers
that are correct in absolute terms; apart from any limitations
in terms of sensitivity and interferences, most are based on
a comparison with a standard of uncertain equivalence to
the enzyme under investigation. The determination of enzyme
concentration is thus a potential source of error.

To determine how dependent the fitted constants are on the accu-
racy of the enzyme concentration, data for β-lactamase [2] were
fitted against the experimentally determined progress curves with
the enzyme concentration reduced 2-, 5- and 10-fold compared
with that determined experimentally (Table 1). It is evident that
errors in determining enzyme concentration have little effect upon
parameter determination, except, of course, in respect of �G‡

cat,
which is reduced as the model attempts to relate the reduced
enzyme concentration to the observed rates of reaction. Even with
changing the enzyme concentration 5-fold, errors in the values for
�G‡

inact, �Heq and T eq are small.

Data sampling requirements: sampling rate

The increasing need for automation in enzyme assays has led
to the development of instruments that use sampling techniques to
assay enzymes at different times. Additionally, some assays are

Table 1 The effect of input data accuracy on parameter values

The experimental data for β-lactamase were used to generate the Equilibrium Model parameters
as described in the Experimental section. Changes were then made to the experimentally
determined enzyme concentration to determine the dependence of the fitted constants on the
accuracy of the protein concentration. Parameter values are +− S.D.

Determined [E0] reduced [E0] reduced [E0] reduced
Parameter [E0] 2-fold 5-fold 10-fold

�G‡
cat (kJ · mol−1) 68.9 +− 0.01 67.1 +− 0.01 64.8 +− 0.01 63.0 +− 0.01

�G‡
inact (kJ · mol−1) 93.7 +− 0.08 93.6 +− 0.07 93.4 +− 0.07 93.4 +− 0.07

�Heq (kJ · mol−1) 138.2 +− 1.1 139.4 +− 1.1 140.2 +− 1.1 144.2 +− 1.1
T eq (K) 325.6 +− 0.1 326.2 +− 0.1 327.0 +− 0.1 327.6 +− 0.1
[E0] (M) 5.5 × 10−9 2.75 × 10−9 1.1 × 10−9 0.55 × 10−9

difficult to carry out continuously. It is therefore important to know
whether the fitting procedures described herein are sufficiently
robust to deal with discontinuous data collection. To determine the
sampling requirement, progress curves for the reaction catalysed
by aryl-acylamidase were collected in triplicate at 1 s intervals
over a 25 min period at a variety of temperatures. Progress
curves were then manipulated by the successive removal of a
proportion of the data points to determine the effect of sampling
rate on the fitting of the data to the Equilibrium Model and
on the resulting parameters (Table 2). Using the 1 s sampling
interval as a reference, the absolute values of �G‡

cat, �G‡
inact,

�Heq and T eq are essentially the same at all sampling rates (up
to a 150 s interval), despite the increase in the S.D. values as
the sampling interval increases. The results indicate that disconti-
nuous enzyme assays can be used for the determination of Teq. The
minimum number of points per progress curve required to give
accurate values for the parameters will depend upon the length
of the assay and the curvature of the progress curve, but, as ex-
pected, the larger number of data points arising from continuous
assays give more accurate results. The results also show that
accuracy is not dominated by a requirement for ‘early’ data, taken
very soon after zero time, and that the S.D. provides a good guide
to the accuracy of the parameters.

The results presented above imply that the parameters can be
obtained accurately from as few as ten data points (sampling only
every 150 s in the case of the 1500 s aryl-acylamidase assays). We
would expect the ‘data sampling’ shown in Table 2 to be a satis-
factory proxy for a discontinuous assay. However, this was con-
firmed using another enzyme. Acid phosphatase was incubated
with the substrate pNPP for a total assay duration of 30 min, and
the reaction was sampled in triplicate every 60 s, stopped with
NaOH, and the absorbance was read at 410 nm. Three progress
curves (absorbance against time) at each temperature were gene-
rated from the triplicate absorbance values obtained when the
reaction was stopped. Product concentrations (expressed in
mol · l−1) were then calculated for each absorbance reading, and
the data set was fitted to the Equilibrium Model as described
previously and compared with data obtained in a continuous assay
[2]. Taking experimental error into account, the parameter values
generated from fitting these data (Table 3) indicate no significant
difference between the two methods, except in the case of �G‡

inact.
The increased value of the errors on each parameter determined
using the discontinuous data indicate that, as expected, continuous
assays give more accurate results.

Data sampling requirements: temperature range

Progress curves at 12 temperatures were collected for acid phos-
phatase [2]. Analysis of the initial rate of reaction (i.e. at zero time)
shows three points above the temperature at which maximum
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Table 2 Data sampling requirements: the effect of sampling rate on parameter values

Progress curves for aryl-acylamidase, collected over 25 min and at ten different temperatures, were used to generate the Equilibrium Model parameters as described in the Experimental section.
Experimental data points were then successively removed to give the effect of reduced frequency of data points to determine the effect of various sampling rates on the final parameter values.
Parameter values are means +− S.D.

Sampling interval (s) . . . 1 5 20 60 150
Parameter Data points per progress curve . . . 1500 300 75 25 10

�G‡
cat (kJ · mol−1) 74.4 +− 0.01 74.4 +− 0.02 74.4 +− 0.03 74.4 +− 0.06 74.4 +− 0.09

�G‡
inact (kJ · mol−1) 94.5 +− 0.04 94.5 +− 0.09 94.5 +− 0.18 94.5 +− 0.31 94.5 +− 0.48

�Heq (kJ · mol−1) 138.5 +− 0.6 138.5 +− 1.4 138.5 +− 2.8 138.7 +− 4.8 138.8 +− 7.4
T eq (K) 310.0 +− 0.1 310.0 +− 0.1 310.0 +− 0.2 310.0 +− 0.3 310.0 +− 0.5

Table 3 Final parameter values for an enzyme employing a discontinuous
assay

Acid phosphatase was assayed discontinuously over a period of 30 min with a sampling rate
of 60 s and at 5◦C intervals from 20 to 80◦C (13 temperature points). The results of fitting
data for the same enzyme over the same temperature range and using the same intervals, but
using a continuous assay (effective sampling rate of 1 s) have been included for comparison
[2]. The progress curves generated for both methods were fitted to the Equilibrium Model
and the parameters generated as described in the Experimental section. Parameter values are
means +− S.D.

Parameter Discontinuous assay Continuous assay

�G‡
cat (kJ · mol−1) 79.0 +− 0.02 79.1 +− 0.01

�G‡
inact (kJ · mol−1) 96.1 +− 0.23 94.5 +− 0.04

�Heq (kJ · mol−1) 146.0 +− 2.2 142.5 +− 0.5
T eq (K) 333.6 +− 0.5 336.9 +− 0.1

Figure 2 The effect of temperature on the initial (zero-time) rate of reaction
of acid phosphatase

Acid phosphatase was assayed continuously as described by Peterson et al. [2]. For each triplicate
progress curve, the initial rate of reaction was determined using the linear search function in the
programme, Vision32TM. The data are plotted as rate (µM · s−1) against temperature (K).

product is formed (Figure 2). By sequentially truncating the data
set from the highest or the lowest temperature point and re-fitting
the resulting data sets, we gain some insight into the dependence
of the fitting routine and accurate estimation of the parameters on
the data points above and below the Topt (Table 4).

For data truncated from the highest temperature point, the
values of �G‡

cat, �G‡
inact and T eq do not vary greatly with the var-

ious data treatments. However, for the fit excluding the last three
temperature points, there is a substantial loss in accuracy for
the Equilibrium Model parameter, �Heq. This difference is not

reflected in the S.D. values. Figure 3, which illustrates the differ-
ences in each fitting of the truncated data sets to the Equilibrium
Model presented as a three-dimensional plot of rate (µM · s−1)
against temperature (K) against time (s), shows the reason for
this. The plots indicate that when only one or two data points are
removed, there is little difference in the shape of the plot when the
data are simulated in three dimensions, but without a data point
above the Topt, the equilibrium model effectively relapses towards
the Classical Model (Figure 1), with a sharp decline in �Heq,
even though a reasonable value for Teq has been obtained. These
results suggest that it is possible to obtain acceptable estimates of
the parameters with only one temperature point above the Topt.

All the foregoing discussion is based on an ab initio presump-
tion that the temperature-dependence of enzyme activity is
described by the Equilibrium Model. Of the 50 or so enzymes
studied in detail by us, all follow the model. However, data that
do not show clear evidence of a Topt when initial (zero time)
rates are plotted against temperature may in fact be fitted equally
well by the simpler Classical Model. In this situation, it would
be foolhardy to carry out the procedure described in the present
paper. It must therefore be stressed that if only one or two points
above the Topt are determined, the measured initial rates at those
temperatures must be sufficiently lower than that at Topt for the
assumption of the Equilibrium Model to be justified. Ideally, two
or more rate measurements above Topt showing a clear trend of
falling rates should be obtained to apply the Equilibrium Model
with confidence.

For data sequentially truncated from the lowest temperature
point to the highest, a trend in the parameter values was seen
(Table 4). Parameter values were maintained close to the ‘com-
plete’ data set level down to eight points; below eight points,
values moved outside the S.D. limits, but were still relatively
close in all cases.

The results of this data manipulation suggest that data at eight
temperatures with two points above Topt (showing a clear down-
wards trend) are sufficient to yield parameter values for �G‡

cat,
�G‡

inact, �Heq and T eq with reasonable precision.

Enzymes operating under ‘non-ideal’ conditions:
the use of initial rates

To use data from progress curves collected over extended periods
of time for valid fitting to the Equilibrium Model requires that
any decrease in activity observed is due solely to thermal factors
and not to some other process. This means that the enzyme and
its reaction be ‘ideal’; that is, the enzyme is not product inhibited,
the reaction is essentially irreversible and the enzyme operates at
Vmax for the entire assay. To date, the enzymes that we have fitted
to the Equilibrium Model have been chosen to meet, or come very
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Table 4 Data sampling requirements: the effect of temperature range on parameter values

A full set of experimental data for acid phosphatase was used to generate the Equilibrium Model parameters as described in the Experimental section. Temperature points above the T opt (Figure 2)
were sequentially truncated from the complete data set to determine the influence of data points above the T opt on the final parameter values. Temperature points were also sequentially truncated from
the lowest temperature point to the highest from the complete data set (12 temperature points) to determine how many points, in total, below the T opt are required for the accurate determination of
T eq and the other thermodynamic parameters. In this case, each data set included all temperature points above the T opt. Parameter values are means +− S.D.

Truncated from highest temperature point Truncated from lowest temperature point

Minus three Minus two Minus one Minus two Minus four Minus six
temperature points temperature points temperature point Full data set temperature points temperature points temperature points

Parameter (nine points) (ten points) (11 points) (12 points) (ten points) (eight points) (six points)

�G‡
cat (kJ · mol−1) 78.8 +− 0.01 79.1 +− 0.01 79.1 +− 0.01 79.1 +− 0.01 79.1 +− 0.01 79.0 +− 0.01 79.3 +− 0.02

�G‡
inact (kJ · mol−1) 94.3 +− 0.03 94.6 +− 0.05 94.6 +− 0.05 94.5 +− 0.04 94.5 +− 0.05 94.5 +− 0.05 94.2 +− 0.06

�Heq (kJ · mol−1) 108.5 +− 0.5 148.8 +− 0.7 146.5 +− 0.5 142.5 +− 0.5 142.8 +− 0.6 142.1 +− 0.7 149.8 +− 0.8
T eq (K) 337.3 +− 0.1 336.8 +− 0.1 336.8 +− 0.1 336.9 +− 0.1 337.0 +− 0.1 336.9 +− 0.1 338.3 +− 0.2

Figure 3 Data sampling requirements: the effect of data points beyond T opt

Acid phosphatase was assayed as described by Peterson et al. [2]. Temperature points above
the T opt (see Figure 2) were sequentially truncated from the complete data set to determine the
influence of data points above the T opt on the final parameter values. Illustrated here are
the results plotted as rate (µM · s−1) against temperature (K) against time (s) for the fit of acid
phosphatase data to the Equilibrium Model using (A) the full data set, (B) the data set excluding
the last data point, (C) the data set excluding the last two data points, and (D) the data set
excluding the last three data points.

close to meeting, these criteria over the 3–5 min duration of the
assay.

However, many enzyme reactions are necessarily assayed under
non-ideal conditions. For example, the reaction may be suffi-
ciently reversible that the back reaction contributes to the observed
rate during the assay and/or the products of the reaction may be
inhibitors of the enzyme. Application of the Equilibrium Model
to these non-ideal enzyme reactions can usually be achieved by
restricting assays to the initial rate of reaction. Setting t = 0 in
eqn (1) gives eqn (3) below. Using this, it is possible to fit the
experimental data for zero time (i.e. initial rates) to the Equil-
ibrium Model to determine �G‡

cat, �Heq and T eq, although the

Table 5 The use of initial rate data to determine parameters associated
with the Equilibrium Model

To simulate the determination of the Equilibrium Model parameters for an enzyme that operates
under non-ideal conditions, initial rates of reaction were calculated from each progress curve
in the β-lactamase data set [2] using the linear search function in the programme, Vision32TM,
and fitted to the Equilibrium Model via eqn (3). Parameters calculated for the complete data set
(entire time course) have been included for comparison [2]. Parameter values are means +− S.D.

Parameter Progress curves Initial rates

�G‡
cat (kJ · mol−1) 68.9 +− 0.01 68.9 +− 0.22

�G‡
inact (kJ · mol−1) 93.7 +− 0.08 –

�Heq (kJ · mol−1) 138.2 +− 1.1 132.2 +− 12.4
T eq (K) 325.6 +− 0.1 325.6 +− 1.3

time-dependent thermal denaturation parameter, �G‡
inact, cannot

be determined. At t = 0,

Vmax = kBT · e

(
−�G‡

cat
RT

)
· E0

h


1 + e




�Heq

(
1

Teq
− 1

T

)

R






(3)

Another circumstance where ‘non-ideality’ may occur is when
the decrease of rate during the assay is partially due to substrate
depletion. If the enzyme is saturated at the start of the assay,
lowering the enzyme concentration or increasing the sensitivity
of the assay may remove this problem. In either case, using initial
rates will allow the equilibrium model to be applied. However,
if insufficient substrate is present at zero time to saturate the
enzyme, either because of, e.g., solubility limitations, or as a
result of increases in Km [7,8] as the temperature is altered, then
considerable errors may arise. Even here, it may be possible,
if the Km is known at each temperature, to obtain reasonable
approximations of the initial rates at saturation by calculating the
degree of saturation using the relationship v/Vmax = S/(Km + S),
and applying the appropriate corrections.

To simulate the determination of the Equilibrium Model para-
meters for an enzyme that operates under non-ideal conditions,
initial rates of reaction were calculated from each progress curve
in the β-lactamase data set [2] and fitted to the modified zero-time
version of the Equilibrium Model using the Scientist® software
(Table 5). No significant differences in any of the parameters
determined this way were found, suggesting that this manner
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of determination is potentially as accurate as fitting the entire
time course to the Equilibrium Model for the determination of
�G‡

cat, �Heq and T eq.

Conclusions

To date, determination of the parameters associated with
the Equilibrium Model for individual enzymes has involved
continuous assays with collection of data at 1 s intervals over
5 min periods at 2–3 ◦C temperature intervals over at least a 40 ◦C
range, with each temperature run being carried out in triplicate;
i.e. processing approx. 15000 data points gathered in approx. 50
experimental runs [2]. Using a simple technique of fitting the
raw data (product concentration against time) to the Equilibrium
Model, we have shown that data collection (and thus labour) can be
reduced considerably without compromising the accuracy of the
derived parameters. Accurate results require preferably more than
one data point taken above Topt and more than eight temperature
points in total. Major errors in enzyme determination affect only
the determination of �G‡

cat. Although continuous assays will
give the most accurate results, �G‡

cat, �G‡
inact, �Heq and T eq can be

determined accurately using discontinuous assays. Among other
things, this will allow the determination of the parameters of
enzymes from extreme thermophiles; since Topt for these enzymes
may be above 100 ◦C, and since few continuous assay methods
are practical at such temperatures, most such assays will have to
be discontinuous [4]. Finally, we have demonstrated that the use
of initial, zero-time rates enables the ready determination of the
Equilibrium Model parameters (except �G‡

inact) of most non-ideal
enzyme reactions.

The method described here enables the determination of the
new fundamental enzyme thermal parameters arising from the
Equilibrium Model. It should be noted that the Equilibrium Model
itself enables an accurate description of the effect of temperature
on enzyme activity, but does not purport to describe the molecular
basis of this behaviour. Evidence so far ([2], and M. E. Peterson,
C. K. Lee, C. Monk and R. M. Daniel, unpublished work) suggests
that the conformational changes between the active and inactive
forms of the enzyme described by the model are local rather
than global, and possibly quite slight. The model, and the work
described here, provides the foundation, and one of the tools
needed to determine the molecular basis of these newly described
properties of enzymes. The focus of future work must now be to

apply the appropriate physicochemical techniques to determine
the precise nature of this proposed structural change.

This work was supported by the Royal Society of New Zealand’s International Science and
Technology Linkages Fund, and the Marsden Fund.
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